The surface geometry and dynamics in a one-dimensional, slowly driven pile of rice are studied for two types of rice, a long-grained rice that displays power-law distributed avalanches and a rounder rice with a characteristic avalanche size. The surface fluctuations are proportional to a power of the system size with exponents x 0.2 6 0.1, for both types of rice. The time correlation functions for the mass and height of the pile are characterized by a crossover time that is proportional to a power of the system size. The scaling behavior is similar for both types of rice, but the correlation time is much larger for the long-grained rice. Piles of sand have become the canonical example of how slowly driven, dissipative systems might evolve into a stationary state characterized by power-law probabilities for various quantities. Bak et al. [1] showed that this idea of self-organized criticality (SOC) applied to a simple model of a slowly driven pile of sand. Models based on similar ideas have been used to explain the occurrence of power-law fluctuations in systems as diverse as earthquakes [2], front dynamics [3] . and evolution [4] . However, the question of whether real granular piles display SOC has been much debated [5] . A recent experiment on a slowly driven pile of rice [6] has shown that granular piles may display SOC, but the behavior is not universal. For a long-grained rice, power-law distributed avalanches were observed. However, for a rounder rice, the avalanches had a characteristic size. The differences were attributed to the more efficient suppression of inertia and higher dissipation for the long-grained rice.
Piles of sand have become the canonical example of how slowly driven, dissipative systems might evolve into a stationary state characterized by power-law probabilities for various quantities. Bak et al. [1] showed that this idea of self-organized criticality (SOC) applied to a simple model of a slowly driven pile of sand. Models based on similar ideas have been used to explain the occurrence of power-law fluctuations in systems as diverse as earthquakes [2] , front dynamics [3] . and evolution [4] . However, the question of whether real granular piles display SOC has been much debated [5] . A recent experiment on a slowly driven pile of rice [6] has shown that granular piles may display SOC, but the behavior is not universal. For a long-grained rice, power-law distributed avalanches were observed. However, for a rounder rice, the avalanches had a characteristic size. The differences were attributed to the more efficient suppression of inertia and higher dissipation for the long-grained rice.
Several aspects of the surface dynamics and geometry of a driven pile have been studied theoretically. Krug et al. [7] studied the surface fluctuations in the onedimensional local limited model and the corresponding inertially dominated modifications, and concluded that the width of the active zone scaled with the system size, w~L
x . The exponents x were identical for all models, independent of the avalanche behavior. In continuously driven systems, the time correlation function has been used to compare predictions from differential equations to simulation [8] . Recently, differential equations have been proposed for the surface evolution [9, 10] and the scaling properties of the time correlation function have been discussed in detail, providing a set of exponents describing the scaling of the front width for models with different driving conditions and interactions. The results from an experiment on the transport properties in rice piles also indicated a scaling relation w~L x , with exponent x 0.5 6 0.2 [11] .
Given the significant theoretical effort to characterize pile surfaces, it is surprising that no detailed experimental studies have been performed. Here, we analyze the geometry and time correlations in a one-dimensional pile of rice for both a self-organized critical system and a noncritical system, and compare with results from the Oslo model sandpile [11] .
Experiments.-The rice pile was confined between two glass plates, kept apart by rectangular aluminum rods. Grains were inserted along the left supporting wall from a single seed sowing machine (Övrum, Sweden), dropping 2-3 grains into the system every 7.5 seconds. Before entering the system, the grains were slowed down by a flexible paper flip and inserted at an approximately constant height above the top of the pile. The bottom horizontal rod determined the system size, the distance L from the left wall to the outlet. Two types of rice grains were used: An elongated, unpolished rice (rice A) and a rounder, polished rice (rice B) (see Ref. [6] for details). The distance between the glass plates was 0.8 grain lengths. Experiments were performed for several system sizes, L L ͞d, where d is the grain length. The system sizes L 16, 33, 66, and 105 were used for rice A and L 26, 52, and 104 for rice B.
The time development of the pile was recorded by a CCD camera with 2000 3 2000 pixel resolution. Pictures were taken at 15 second intervals, corresponding to an addition of 4 to 6 grains. For each picture the borderline between the pile and the black background was extracted. The height h͑x, t, L͒ of the surface at a distance x from the outlet was found as the maximum vertical distance to the surface, removing overhangs in the process. Both the height h and the distance x were measured in units of grain lengths, and time t was measured in units of pictures taken. Each experiment lasted approximately 40 hours corresponding to 10 000 height profiles, except for the largest system of rice A, which had 15 000 profiles.
Profile fluctuations.-Avalanches change the rice pile surface, but only a small zone along the profile is affected. The pile profile fluctuates around an average profile, and the size of the fluctuations characterize the profile width. A reasonable definition of the profile width w is the standard deviation of the height, w͑x͒ s h ͑x, L͒, at a position x averaged over all profiles. The curves describing s h ͑x, L͒ are irregular, and for both types of rice the profile width decreases close to the outlet and increases close to the inlet. In an intermediate region the profile width is approximately constant for a given system size. The average profile width w ͗s h ͘ increases with system size (see Fig. 1 ). The behavior is consistent with a power law ͗s h ͘~L x with x A 0.2 6 0.1 for rice A and x B 0.3 6 0.2 for rice B. However, the values of ͗s h ͘ span only the interval from 0.8 to 2.0. These results are therefore not sufficient to establish a powerlaw relationship, but indicate that the results are consistent with a power-law interpretation.
For the L 66 experiment with rice A, there were recurring problems with the feeding mechanism, and, moreover, the system had initially not reached the equilibrium state. This produced "holes" in the time sequence which invalidated measures of fluctuations and time correlations. We have included the data point here for completeness, but exclude this system from the subsequent analysis.
A similar set of measurements were performed for the Oslo model sandpile [11] , which consists of a sequence of columns of height h i , numbered from the inlet at i 1 to the outlet at i L. 
the profile appear less frequently than more shallow regions. However, when created, the steps are surprisingly stable. The full dynamics is complicated. Simpler, integrated measures for the state are therefore desirable.
The mass m͑t, L͒ and the potential energy U͑t, L͒ represent different physical characteristics of the state and have also frequently been used to characterize transitions between states. For the rice piles these quantities traced out irregular curves as functions of time with stepwise changes varying several orders of magnitude. The direction of time was evident from the characteristic sawtooth shape of the curves. The temporal evolution of the mass was characterized by the second order time correlation function,
where the average is over all profiles, and the mass was measured in the number of grains. The time correlation function displayed a consistent behavior for both types of rice and for all system sizes. For small t, the function increased systematically until t reached a crossover time t m , where the correlation function flattened to a constant value. The crossover time t m increased systematically with system size. A data collapse of the form C m ͑t, L͒ L b m g m ͑tL 2n m ͒ was therefore attempted (see Fig. 3 ). For rice B the data collapse was good, and the scaling exponents were found to be b Discussion.-When the rice pile has reached a stationary state, the total mass of a rice pile fluctuates around an average value. The time evolution of the mass is thus similar to a random walk in a potential well. The mass is changed stepwise between profiles m͑t 1 1͒ m͑t͒ 1 M t where M t is the difference between the number of particles added and removed during an avalanche. In the stationary state the average value of M t is zero. However, there are fluctuations in the mass, and on small time scales we assume that the values of M t are statistically independent. In that limit the correlation function simplifies to C m ͑t, L͒ t Var͑M͒, where Var͑M͒ is the variance of the changes M t . For large t the correlation function is independent of t, since many large avalanches have propa- gated through the pile and rendered the profiles uncorrelated: C m ͑t, L͒ 2 Var͑m͒. The two behaviors are separated by the crossover time t m . A similar argument applies to the time correlation function of the height. This picture is in good correspondence with the observed correlation functions, and is also supported by an interpretation of the power spectrum of the mass, which has a 1͞f 2 behavior for large frequencies, with a crossover to white noise for small frequencies. The crossover frequency is related to the correlation time t, and therefore depends both on the system size and on the type of rice used.
From the scaling form of the time correlation functions we conclude that the standard deviation of the mass is s m~L b m ͞2 and the standard deviation of the height at x L͞2 is s h~L b h ͞2 . This confirms the scaling behavior suggested by the direct measurements of the profile width, indicating that the profile width is proportional to a power of the system size w~L x , with x b h ͞2. The scaling data collapses therefore provide the estimates x A x B 0.125 6 0.05 for the exponent x. The scaling form of the time correlation function implies that the crossover time t m depends on the system size according to t m~L n m . The crossover time can be interpreted as the decorrelation time, after which the profile has changed sufficiently to lose all memory of its original state. A simple argument relates the profile width and the crossover time: Since avalanches randomly rearrange the profile, the profile loses all memory of its original state after a large avalanche has propagated through the system. The number of grains that are rearranged and removed are proportional to the number of grains in the active zone. On average, a similar number of grains must be added before another large avalanche can occur. We therefore expect the crossover time to be proportional to the size of the active zone: t m~w L~L 11x .
